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Introduction
Ammonia (NH 3 )-oxidizing bacteria (AOB) derive energy for life from nitrication: the proton-coupled multi-electron oxidation of NH 3 to nitrite (NO 2 À ). 1,2 Nitrication begins with the oxidation of NH 3 to hydroxylamine (NH 2 OH) by the integral membrane enzyme ammonia monooxygenase. NH 2 OH is then oxidized to nitric oxide (NO) by the multi-heme enzyme hydroxylamine oxidoreductase (HAO) to establish net electron ow. 3 The physiological means through which NO is oxidized to NO 2 À are unknown. Detailed mechanistic understanding of controlled NH 2 OH oxidation is vital to the understanding of how nature uses NH 3 as fuel.
HAO is a homotrimer of octaheme subunits. 4 Seven of the hemes in each subunit are coordinatively saturated c-type hemes that mediate electron transfer. The remaining heme, also a c-type heme, is the site of NH 2 OH oxidation. This heme is called the heme P460 center because it has a characteristic Fe II Soret absorption maximum at 463 nm.
5 HAO heme P460
cofactors are unique in that they feature two cross-links with a tyrosine (Tyr) side chain ( Fig. 1a and b) . The Tyr C3 1 and phenolate O cross-link with the c-heme at the 5 0 meso carbon and the adjacent pyrrole a-carbon, respectively. 4 These attachments disrupt the p conjugation of the porphyrin ring and distort the planarity of the heme, resulting in a ruffled heme structure. P460 cofactors are found within enzymes from other bacteria as well, including methanotrophs 6 and anaerobic NH 3 oxidizers (anammox). 7 The anammox bacterium Kuenenia stuttgartiensis contains at least 10 P460-containing HAO paralogs, at least two of which exhibit hydroxylamine or hydrazine oxidoreductase activity. 7, 8 Thus, the presence of P460 cofactors appears to be a hallmark of N-oxidation functionality. 9 However, the characteristics that make this cofactor suitable for such reactions remain unknown.
Detailed understanding of NH 2 OH oxidation by heme P460 centers is necessary to establish a link between the properties of this unique cofactor and its reactivity. However, spectroscopic probing of reaction intermediates at the 3 HAO heme P460 cofactors is occluded by the signals of the 21 electron transfer hemes. To overcome this challenge, we have explored the NH 2 OH oxidation mechanism of cytochrome (cyt) P460, a soluble, dimeric mono-heme enzyme found in the periplasms of AOB. 9 In contrast to HAO, cyt P460 cofactors feature a Lys side chain amine covalently attached to the 13 0 meso C of the c-heme ( Fig. 1c and d) . 10 Despite this substitution, the UV-visible (UVvis) absorption and 57 Fe Mössbauer properties characteristic of Fe II heme P460 are preserved. 11 Cyt P460 had previously been reported to oxidize NH 2 OH to NO 2 À . 12 However, we recently showed that cyt P460 oxidizes NH 2 OH selectively to nitrous oxide (N 2 O), not NO 2 À , under anaerobic conditions. 13 In our reported working mechanism (Fig. 2) 
Results
Identication of a cyt P460 6-coordinate {FeNO} 7 species
In our previous study, 13 we generated an off-pathway 5c {FeNO} 7 species. This species was generated via the treatment of The spin state of this new species was characterized with continuous-wave X-band EPR (Fig. 4 20 However, complementary spectroscopic data using techniques such as electron nuclear double resonance (ENDOR) would need to be acquired in order to accurately quantify the Fe-N(His) hyperne interaction. These investigations are underway and will be reported elsewhere.
Fe K-edge X-ray absorption spectroscopy (XAS) data were obtained for both of these {FeNO} 7 species. The Fe-K edge absorption near-edge regions of both the 6c and 5c {FeNO} 7 species are shown in Fig. 5 . The pre-edge feature near 7113 eV is conventionally assigned as a quadrupole-allowed Fe 1s / 3d transition that can gain intensity via an electric dipole mechanism. 21 This feature appears at 7113.3 eV in the spectrum of the initially formed 6c {FeNO} 7 intermediate. The feature exhibits signicantly higher intensity in the 5c {FeNO} 7 spectrum, and this intensity increase is consistent with decreased centrosymmetry at Fe: as the coordination number decreases, the attendant diminished centrosymmetry confers dipole allowedness to the 1s / 3d transition and a corresponding increase in pre-edge intensity.
Fits of the extended X-ray absorption ne structure (EXAFS) region from k values of 2-14Å À1 , where k is the photoelectron wave number, for the WT 6c and 5c {FeNO} 7 species give short Fe-N scatters assignable to Fe-NO at 1.86Å and 1.74Å, respectively (Fig. S9 † and Table 1 ). These distances are consistent with typical Fe-NO bond lengths in 6c and 5c heme {FeNO} 7 species, respectively. 22 The data resolution precluded the tting of an Fe-N(His) scattering path in the 6c {FeNO} 7 species independent from the Fe-N(heme) paths. However, the EXAFS were best t for this species with 5 rather than 4 Fe-N scatters at 2.04Å. Moreover, we could reliably t the axial His of the 5c {FeNO} 7 intermediate at a distance 2.53Å, which is well outside the range of coordination. The combined UV-vis absorption, EPR, and X-ray absorption data reveal that Fe III cyt P460 reacts with HNO to accumulate a 6c {FeNO} 7 species, which subsequently decays to a 5c {FeNO} 7 form within 30 min. The simplest interpretation of this data is that the conversion results from the dissociation of the axial His140. Dissociation of the ligand trans to the NO is frequently observed for heme {FeNO} 7 species and is attributed to the trans inuence of NO. . The addition of 3 mM NH 2 OH to this solution resulted in no changes to the UV-vis absorption spectrum or the rate of 6c-to-5c {FeNO} 7 conversion (Fig. S1 †) . These results suggest that NH 2 OH is unreactive with the 6c {FeNO} 7 species. By contrast, oxidant addition promoted rapid changes in the UV-vis absorption spectrum. Anaerobic treatment of 15 mM cyt P460 6c {FeNO} 7 with 100 mM of PMS [phenazinemethosulfate,
within 30 s (Fig. 6 ). The product of this reaction had UV-vis absorption features identical to those assigned to the cyt P460 {FeNO} 6 species. 13 Previous experiments showed that treating cyt P460 5c {FeNO} 7 with these oxidants afforded no evidence of {FeNO} 6 formation. 13 The only spectral changes observed were a minor decrease in the 455 nm Soret maximum and the appearance of a shoulder at 414 nm, which suggested cofactor degradation (Fig. S2 †) . No conversion to {FeNO} 6 absence of protein or NH 2 OH. The aggregate data are consistent with the 5c {FeNO} 7 species being unreactive and off-pathway;
however, the 6c {FeNO} 7 species can be oxidized to {FeNO} 6 .
The 5c species therefore must have a more positive reduction potential than the 6c {FeNO} 7 . We rationalize that this is largely (Fig. S4 †) . The signal accounts for 40 mM or 20% of the Fe centers in the sample. In the absence of any other Fe-based signal, we accounted for the remainder of the iron (160 mM) as EPR-silent {FeNO} 6 . Our inability to detect the 6c {FeNO} 7 species within UV-vis absorption time courses likely results from the low ratio of 6c {FeNO} 7 to {FeNO} 6 concentrations and the overlapping UV-vis absorption features of the two species. Nevertheless, the EPR spectra clearly show evidence for the formation of the 6c {FeNO} 7 species, and therefore, we assigned 6c {FeNO} 7 as an intermediate on the cyt P460 NH 2 OH oxidation pathway.
NO-independent His140 dissociation from cyt P460 {FeNO} 7 NO promotes rapid (milliseconds to seconds) His dissociation in many heme proteins. 18, 20 This phenomenon underlies the mechanism of signal transduction by H-NOX proteins and sGC in both eukaryotes and bacteria.
28 Given this common behavior by heme proteins, we sought to test if the rate of His dissociation from the cyt P460 6c {FeNO} 7 is also promoted by NO.
The cyt P460 6c {FeNO} 7 species can be generated from the reaction of either Fe III cyt P460 with HNO or Fe II cyt P460 with NO ( Fig. S5 † and 7) . The two independent methods allows for testing the reactivity of 6c {FeNO} 7 in the absence or presence of a large excess of NO, respectively. Rate constants for 6c-to-5c {FeNO} 7 conversion were obtained from the reaction of 15 mM Fe II cyt P460 with varying excess concentrations of NO ranging from 100-600 mM. The conversion was monitored by the Fig. 7) . The data clearly show that His140 dissociation for cyt P460 6c {FeNO} 7 proceeds via a mechanism that is independent of either NO or HNO. This behavior contrasts starkly with the behavior common to NOsensing heme proteins. Furthermore, the His dissociation of cyt P460 is appreciably slower than that observed for other heme proteins, which dissociate their axial His on millisecond time scales. This slow His dissociation allows the oxidation of 6c {FeNO} 7 to {FeNO} 6 to kinetically outcompete the formation of the off-pathway 5c {FeNO} 7 intermediate, and thus, appears essential to preserving active catalyst.
Characterization of {FeNO} 7 species on a cross-link decient mutant, Lys70Tyr cyt P460
The lack of an NO-dependent k His-off for cyt P460 6c {FeNO} 7 prompted us to investigate how this anomalous behavior relates to the unique P460 cofactor structure. To this end, we hypothesized that the distinguishing Lys70 cross-link to the 13 0 meso C of the P460 cofactor may inuence k His-off . Therefore, we generated a cross-link-decient Lys70Tyr cyt P460 mutant for a comparison of His140 dissociation kinetics. Puried Fe III Lys70Tyr cyt P460 is a red protein with a UV-vis absorption Soret maximum at 406 nm and Q-bands at 500 nm and 632 nm (Fig. 8a) . The continuous-wave X-band EPR spectra of the resting Fe III exhibited an S ¼ 5/2 signal with g-values of 5.78 and 1.98 (Fig. 8b) (Fig. S13 †) . [30] [31] [32] The aggregate spectroscopic data are consistent with the restoration of a canonical c-heme due to loss of the 13 0 cross-link.
33
The Fe III Lys70Tyr cyt P460 binds NH 2 OH to form the Fe III -NH 2 OH adduct (Fig. S14 †) . However, this mutant protein is Lys70Tyr cyt P460 with 600 mM HNO resulted in the appearance of a new species with an UV-vis absorption Soret maximum at 415 nm and Q-band maxima at 540 and 580 nm (Fig. 9 ). This species decayed slowly (within 80 min) to a species exhibiting a Soret peak at 413 nm with a shoulder at 396 nm and unshied Q-bands at 540 and 580 nm. By contrast, no intermediate was observed when 10 mM Fe II Lys70Tyr cyt P460 was treated with 600 mM NO. The UV-vis spectral time course showed the immediate formation of a stable species within the time of manual mixing. The absorption spectrum of this product matches that of the HNO reaction product, which suggests an identical Fe product for both reactions. EPR spectroscopic analyses afforded informative characterizations of the two observed species. An anaerobic sample was prepared containing 150 mM (Fig. 10) . As with the WT experiments, the differences in the two EPR spectra are consistent with a conversion from a 6c to a 5c {FeNO} 7 . The Lys70Tyr also does not exhibit a 9-line super hyperne splitting in the 6c {FeNO} 7 . The correlated EPR and UV-vis absorption spectra indicate that the reaction of Lys70Tyr Fe III cyt P460 with HNO forms a 6c {FeNO} 7 , which decays slowly to a 5c {FeNO} 7 .
Data for the Fe K-edge absorption near-edge regions and EXAFS region of the mutant 5c {FeNO} 7 species were collected for comparison with that of the WT. The Lys70Tyr mutant also exhibited a pre-edge feature near 7113 eV with intensity similar to that seen in the WT 5c {FeNO} 7 spectrum. This result is consistent with decreased centrosymmetry at the Fe center resulting from the decrease in coordination number from the dissociation of the axial His (Fig. S6 †) . EXAFS data were collected to determine the bond distances of Lys70Tyr cyt P460 5c {FeNO} 7 , and ts of the EXAFS region from a k of 2-14Å
À1
yielded a Fe-NO bond length of 1.80Å. As with that of the WT 5c {FeNO} 7 , the EXAFS data t best with the addition of the axial His as a separate parameter, yielding a bond length of 2.48Å, which is outside the range of coordination for an Fe-N(His) bond (Fig. S10 † and Table 1 ). Fig. 9 The 150 min UV-vis absorption full-spectral (a and b) and 415 nm single-wavelength time courses (c) of the reaction of 10 mM Fe III cyt P460 with 100 mM of HNO in 200 mM HEPES buffer (pH 8.0). In (a) and (b), the solid red trace is the spectrum collected immediately after mixing, the solid blue trace is collected at 10 min and the solid black trace was collected at 150 min. Grey spectra were collected in 1 min increments. The insets highlight the time courses in the Q-band region. Absorption maxima in nanometers are labeled with colors corresponding to each species. Isosbestic points are labeled in gray. In (c), the black trace is a double-exponential fit (A 415 ¼ A 0 + A 1 Â e Àkobs(1)Ât + A 2 Â e Àkobs(2)Ât ) to the data, yielding k obs (1 Lys70Tyr cyt P460 with NO using stopped-ow UV-vis absorption spectroscopy. The spectral time course exhibited accumulation within 20 ms of absorption features attributed to Lys70Tyr cyt P460 6c {FeNO} 7 (Fig. 11) . This spectrum decayed within 5 s to a new spectrum characteristic of the 5c {FeNO} 7 species. An isosbestic point at 400 nm suggests direct conversion from the 6c to the 5c {FeNO} 7 species. These results verify that the 6c {FeNO} 7 species is generated when Fe II Lys70Tyr cyt P460 reacts with NO and its conversion to the 5c {FeNO} 7 species is rapid. This 6c-to-5c {FeNO} 7 conversion is orders of magnitude faster in the reaction when excess NO is present, suggesting that NO induces rapid His140 dissociation. Such rapid NO-dependent His dissociation from 6c heme {FeNO} 7 species has been previously characterized in several NO-sensing heme proteins. Rate constants were determined for the NO-independent and NO-dependent His140 dissociation pathways of Lys70Tyr cyt P460 6c {FeNO} 7 . The NO-independent rate constant, k His-off , was determined from the reactions of 10 mM Fe III Lys70Tyr cyt P460 with HNO at various concentrations in the range of 100-600 mM. The accumulation and decay of 6c {FeNO} 7 was monitored at 415 nm using UV-vis absorption spectroscopy. Double-exponential functions were t to the 415 nm traces. The k obs for His140 dissociation was zeroth-order with respect to HNO (Fig. 12a ). An averaging of the k obs values at all HNO concentrations provided a k His-off of 3.8 AE 0.9 Â 10 À4 s À1 , which is an order of magnitude slower than the k His-off measured for WT cyt P460. The rate constant of the NO-dependent His140 dissociation pathway was measured using stopped-ow UV-vis absorption spectroscopy. The NO-dependent rate constant for His140 dissociation, k His-off(NO) , was determined from the reactions of 10 mM Fe II Lys70Tyr cyt P460 with 100-800 mM NO. These stopped-ow kinetics experiments were monitored at 415 nm. Because the 6c {FeNO} 7 species formed completely within the stopped-ow mixing dead time, the kinetic traces were monophasic that were well t by single exponentials. Extracted values of k obs were t to a linear regression with eqn (1) (Fig. 12b) :
The best-t parameters were a k His-off(NO) of 790 AE 80 M À1 s
with a y-intercept, or k app , of 0.36 AE 0.04 s
. The rst-order dependence of 6c-to-5c {FeNO} 7 conversion has been used to support a mechanism involving a hypothetical trans-dinitrosyl {Fe(NO) 2 } 8 intermediate in other heme systems. 34 Our spectral time course is inconsistent with formation of an intermediate during this conversion. Furthermore, it is unclear from our data what k app represents. In our hands, the 6c-to-5c {FeNO} 7 conversion is irreversible, thus the non-zero value for k app likely reports the rate constant of an alternative pathway. One possibility is that this y-intercept represents the parallel NOindependent His dissociation pathway, k His-off . However, this value was independently measured to be vastly slower: 3.7 AE 0.4 Â 10 À4 s À1 . Another possibility is that the range of NO concentrations surveyed was insufficient to observe saturating behavior; such behavior has been noted in other studies of 6c-to-5c heme {FeNO} 7 conversion. 35 Our data clearly show that removal of the cross-link introduces an NO-dependent His140 dissociation pathway. However, more detailed mechanistic work will be required to correctly interpret the observed nonzero y-intercept of the NO-dependent His dissociation pathway.
The kinetics thus revealed two distinct pathways for His140 dissociation from the Lys70Tyr cyt P460 6c {FeNO} 7 . One pathway is independent of NO with a rst-order rate constant similar to that observed for the WT cyt P460 6c {FeNO} 7 species while the second pathway is absent in the WT cyt P460. The results of these experiments suggest that in the presence of excess NO, the Lys70 cross-link of the P460 cofactor is necessary to inhibit the NO-dependent pathway, thereby allowing the oxidation of 6c {FeNO} 7 to {FeNO} 6 . These results identify at Fig. 11 The 32 s stopped-flow UV-vis absorption full-spectral (a) and 415 nm single-wavelength (b) time courses of the reaction of 10 mM Fe II cyt P460 with 100 mM NO in 200 mM HEPES buffer (pH 8.0). In (a), the solid red trace is the spectrum collected immediately after mixing. The black trace is the final spectrum collected at 32 s. Grey spectra were collected in 0.5 s increments. Absorption maxima in nanometers are labeled with colors corresponding to each species. An isosbestic point is labeled in gray. In (c), the black trace is a single exponential (A 415 ¼ y 0 + A Â e ÀkobsÂt ) fit to the data, yielding k obs ¼ 0.40 s À1 .
least one function of the cross-link characteristic of P460 cofactors.
Activation analysis of His140 dissociation from WT and Lys70Tyr: insight into the role of the cross-link in 6c-to-5c {FeNO} 7 conversion
Determination of activation enthalpies (DH ‡ ) and entropies (DS ‡ ) for the NO-independent pathways provided insight into how the Lys70 cross-link inuences the His140 dissociation rate in the NO-dependent pathway. The results of the Eyring analysis of NO-independent and NO-dependent pathways for WT and Lys70Tyr cyt P460 are shown in Table 2 . For both the WT and Lys70Tyr, the NO-independent pathway is dominated by the dissociation of His140. The 1 kcal mol À1 difference in DG ‡ between the mutant and the WT proteins (DDG ‡ ) accords with the 10-fold smaller rate constant for the NO-independent His dissociation of Lys70Tyr cyt P460 compared with that of the WT. The increased barrier to dissociation can largely be attributed to the increased DH ‡ of the mutant dissociation reaction. 
